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Abstract. The damage potential of spatially variable seismic ground motion on buried pipelines has 
long been confirmed by field evidence, but it is still debatable whether transient seismic loads can be 
truly detrimental to the pipeline integrity. In the absence of systematic scrutiny of the effects of local 
site conditions on the seismic behaviour of such structures, this study presents a staged approach to 
numerically investigate the elastic-plastic buckling response of buried steel natural gas pipelines subject 
to transient differential ground motions arising from strong lateral site inhomogeneities. The first stage 
involves the study of 2D linear viscoelastic and equivalent-linear site response for the case of two sites 
and the resulting seismic demand in terms of longitudinal strains for input motions of various intensities 
and frequency content. The influence of key problem parameters is examined, and the most 
unfavourable relative ground deformation cases are identified. In the second stage of analysis, the 
critical in-plane ground displacement field is imposed monotonically on a near-field trench-like 3D 
continuum soil model encasing a long cylindrical shell model of the pipeline. Next, the performance of 
the buried pipeline is assessed under axial compression. The impedance contrast between the laterally 
inhomogeneous soil profiles is shown to govern the amplitude of induced elastic strains, which are 
maximized for low-frequency excitations. It is also demonstrated that peak axial strains along the 
pipeline considering equivalent-linear soil behaviour under strong earthquake motion can be as much 
as two orders of magnitude larger than their linear counterparts, as a result of the severe, spatially 
variable moduli degradation. It is finally shown that the seismic vibrations of certain inhomogeneous 
sites can produce appreciable axial stress concentration in the critically affected pipeline segment near 
the material discontinuity, enough to trigger coupled buckling modes in the plastic range. This behaviour 
is found to be controlled by pronounced axial force-bending moment interaction and is not accounted 
for in code-prescribed limit states. 
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Safeguarding the operation of underground natural gas (NG) pipelines against earthquake hazards is 
imperative to life safety, the environment and the economy. Experience from past earthquakes shows 
that damage inflicted to buried NG pipelines can cause long service disruptions and unpredictably high 
socioeconomic losses. Globally, seismic risk is substantially high because many dense NG networks 
traverse large territories that are exposed to significant seismic hazard.  
Pipelines of the transmission NG network system cross areas with diverse subsurface conditions to 
transport NG from wells to storage facilities, power plants and cities through distribution lines. 
Typically, these pipelines have large diameters exceeding 400 mm, high operating pressures in the range 
3 ~ 15 MPa and are made from carbon steel with yield strength greater than 350 MPa. The individual 
pipe segments are joined together by welding to form a continuous system. Section design based on 
pressure load usually leads to radius-over-thickness ratios R/t of less than 50. The above properties 
dictate that for these structures, shell-mode instabilities may arise in the inelastic range of response 
under both axial and bending static loading [1]. Under a fairly low axial loading rate, such a shell will 
also buckle dynamically in an axisymmetric mode [2]. 
The earthquake response of long buried structures like NG pipelines is known to be controlled by 
transient and permanent (i.e., post-quake) ground strains rather than inertial effects. This is because the 
stiffness and mass of the embedded pipelines is negligible compared to that of the ground, hence they 
tend to deform following the imposed displacement of the soil. Determination of the input seismic load 
for structural analysis and design purposes thus must rely on methods that are able to reliably estimate 
the spatial variation along the pipeline axis and the peaks of ground strain in a given site. Solutions for 
the peak elastic strains in homogeneous soil solely due to the wave passage effect do exist [3,4], but 
local site effects, even though intuitively expected to cause significant strain amplification, have not 
been considered systematically neither in the literature nor in design codes in relation to pipeline seismic 
demand. Local site response is caused by gradients in soil properties (material inhomogeneity), surface 
topography (e.g., hills, ridges and canyons) and special geologic conditions, such as a soft surficial layer 
surrounded by stiff rock (valley-type) and cavities. Under optimally directed seismic excitation, the 
presence of any of the above in the vicinity of a buried pipeline can amplify the ground motion locally, 
alter its frequency characteristics and spatial profiles, prolong its duration and induce pronounced 
ground strains and curvatures (e.g., [5–9]) mainly close to the interface of different soil formations, 
which in turn can induce local pipeline deformation. As an example, a pipeline crossing the interface 
between soil strata that exhibit a sharp lateral change in stiffness will suffer principally from alternating 
axial compression-extension under direct seismic wave action, due to the different vibrational 
characteristics of the said strata, even if the pipeline fully conforms to the ground motion (i.e., no 
interaction). Since steel pipelines are buckling-sensitive structures for the reasons explained above, the 
compressive load resulting from the out-of-phase ground motion of adjacent soil media can, under 
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circumstances, exceed the critical buckling load of the shell, hence considerations on the buckling 
capacity of the pipeline need to be made. For the sake of argument, Figure 1 shows a simplified non-
uniform site scenario along with different loading cases. The site consists of two horizontally adjacent 
soil deposits of different average wave speeds and is excited by vertically incident S-waves of varying 
polarization. Wave motion polarized in the pipeline direction induces axial strain in the pipeline near 
the boundary (marked with red in Figure 1a), while a parasitic vertical motion component forces the 
pipeline to bend in the vertical plane (deformed shape marked with a black line). Polarization in the 
transverse direction induces only bending in the horizontal plane near the boundary (Figure 1b). One 
immediately realizes that if the wave front is incident under angle,or the pipeline is aligned arbitrarily 




Figure 1. Schematic of buried NG pipeline crossing two laterally adjacent soil deposits of different stiffness. 
Three idealized loading scenarios and the associated deformed configurations of the pipeline are depicted: (a) a 
pipeline crossing the interface at right angles under SV-waves; (b) a pipeline crossing the interface at right angles 
under SH-wave excitation; (c) a pipeline crossing the interface at an arbitrary angle under SH-waves. Marked 
with red are the axial straining zones, while the black lines indicate qualitatively the flexural deformation shapes 
of the pipe. 
Field evidence supports the above considerations. Most of the pipeline damage reported to date is due 
to permanent ground deformation [10,11], but there is also indisputable evidence that wave propagation 
can be damaging [12–18]. Local buckling failures in steel pipelines have been systematically reported 
[13,19]. In such cases, the highly localized curvatures associated with local buckling modes can cause 
wall tearing and content leakage or accelerate fatigue damage if not diagnosed in time. Therefore, every 
effort should be taken in the design phase to minimize these risks. 
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The effects of the spatial variation of ground motion (SVGM) on the seismic behavior of buried 
pipelines have largely been addressed from three main perspectives in terms of seismic input: travelling 
seismic waves in homogeneous sites, loss of wave coherency in inhomogeneous sites and 2D/3D local 
site response. The majority of published research has focused on the first; incoherency and local site 
effects have received less attention comparatively. Hindy and Novak [20] studied analytically elastic 
pipelines both in homogeneous sites and in sites consisting of two different media in the horizontal 
sense. It was found that for body waves propagating along the pipeline, the peak axial and bending 
stresses occur near the boundary of the two media and are larger than the ones in the homogeneous case. 
Predictions also revealed that bending stresses due to S-waves are much smaller than the axial stresses 
due to P-waves. Later, Nishio et al. [21,22] conducted laboratory tests of buried pipelines in valley and 
cut-and-fill settings subject to horizontal base excitation. Analytical methods were used to study the 
strain response of buried pipelines laid through dipping soil layers [23,24], cut-and-fill embankments 
[25], riverbeds [26] and multiple soil media [27]. 
Buried pipelines under statistically incoherent seismic motions have also been a subject of scrutiny. 
Zerva et al. [28] and Zerva [29] examined the axial and transverse elastic response of segmented and 
continuous pipelines to differential ground motion using random vibration analysis on analytical 
pipeline models, where the seismic input was described by the stochastic properties of ground motions 
recorded at the dense SMART-1 array. Axial strains were observed to be the principal source of pipeline 
deformation over bending strains; the magnitudes of these (average) strains were estimated however at 
least an order below usual steel yield limits. It was also shown that the influence of the incoherence 
parameter on the pipeline response is critical. 
From the viewpoint of structural stability, elastic and inelastic buckling and collapse of standalone 
cylindrical shells is a well-established topic in the literature. On the other hand, buckling of shallow-
buried cylindrical shells, which involves additional motion constraints, is not as mature a topic. Chen et 
al. [30] used shell stability formulations to study the elastic static axial buckling of a buried pipeline. 
Lee et al. [2] developed an elastic-plastic cylindrical shell formulation for a buried pressurized pipeline 
in a homogeneous elastic medium to check for the stability of the dynamic equilibrium of the pipe shell. 
In this treatment, axial soil-pipe interaction was ignored, and a lateral soil restraint was assumed in the 
form of distributed elastic radial springs. The solutions derived showed that the critical axisymmetric 
buckling stress and strain of the pipeline under dynamic conditions are essentially the same as under 
static conditions. Yun and Kyriakides [31] examined in detail the conditions under which a buried 
pipeline loaded in uniform compression may bifurcate plastically into a beam or an axisymmetric shell 
mode, as well as the possibility of interaction between the two. Lateral soil confinement was considered 
in the radial sense through a nonlinear spring model. Their sensitivity analyses show qualitatively that 
combination of conditions such as large pipe diameter, large R/t ratio and deep soil cover favour shell-




Acknowledging that studying the buckling behaviour of high-pressure steel pipelines embedded in 
seismic soil environments with material inhomogeneities is rather challenging and that certain 
assumptions are often indispensable, it is pointed out that previous research on the topic has either 
focused on (i) the beam-type response of the pipeline using simple beam-on-springs models, thus 
ignoring shell buckling phenomena, or (ii) the spatially variable seismic ground demand considering 
mainly the wave passage effect in elastic homogeneous soils, or (iii) the determination of the buckling 
capacity of buried pipelines using simplified interaction models but ignoring the true level of pipeline 
demand induced by wave propagation. Investigations of the seismic demand of the pipeline shell 
generated by the local site seismic response considering nonlinear soil and pipeline constitutive 
behaviour, large-deformation kinematics and SPI effects are absent from the literature. Psyrras and 
Sextos [32] present a comprehensive review of all above aspects. It remains to be clarified whether and 
under what conditions wave propagation-induced pipe strains are likely to develop that can lead to such 
critical limit states as shell-mode buckling. 
In this study, we break down and analyze the problem efficiently in two successive phases, employing 
as few simplifications as possible. Recognizing that contact effects are critical to the axial response of 
a buried pipeline [33], we develop refined finite element models of a certain class of graded geologic 
media and the cylindrical shell pipeline running through them, in order to: 
• predict the range of peak magnitudes and the spatial distributions of the longitudinal ground 
strains along the pipe developing under low- and high-intensity motions, respectively, with the 
aim to highlight the most critical cases; 
• illustrate the sensitivity of the induced seismic ground strains to various involved parameters; 
• evaluate the pipeline demand resulting from the imposed critical soil displacement fields and 
analyse the interaction effects at the soil-pipeline interface; 
• ultimately explore the possibility of buckling collapse in high-pressure steel NG pipelines laid 
through such sites, study its characteristics and showcase the circumstances that favour its 
occurrence. 
The structure of this text is as follows. First, the analysis methodology is outlined and the associated 
assumptions and limitations are discussed. Next, each analysis step is presented with details of the 
models developed, and results of the analyses undertaken are illustrated. Finally, the most important 
findings are summarized and implications are discussed. 
2 Methodology 
The emphasis in this investigation is placed on the failure mechanism that is most likely to occur in a 
pipeline under the given seismic excitation. This is expected to be shell-mode buckling due to axial 
compression resulting from large differential axial displacements of the surrounding soil in a confined 
region containing the inhomogeneity border. It is well known that the response of constrained and 
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unconstrained shells in compression is generally governed by buckling. Previous research and field 
evidence have demonstrated that, under transient ground deformation, buried steel-welded NG pipelines 
are not anticipated to experience tensile rupture, and also that other possible failure modes, such as 
beam-mode buckling and section ovalization, are not detrimental to their integrity and operability [32]. 
However, simultaneous appearance and interaction between different mechanisms cannot be ignored. 
The progression of the simulation phases described next is founded on the above arguments. 
A large-scale 3D finite element simulation of the dynamic response of the interacting soil-pipe system 
would ideally be the most rigorous approach one could follow; however, it is hindered by the associated 
difficulty in reliably interpreting the results, the extreme computational load, and the high level of 
uncertainty involved in the model parameters. Besides, it has been observed that considering 3D wave 
effects in the site response does not always offer increased fidelity over a 2D or even 1D analysis [34]. 
On the other hand, the commonly used 1D site response models had to be discarded in the first place as 
an option because they cannot capture the gradient of ground motion in a dimension other than depth.  
It is also long recognized that classical –inertial and kinematic– soil-structure interaction (SSI) effects 
are rather unimportant in a dynamic soil-pipe interaction (SPI) problem [35–37]. This observation 
allows decoupling the problem and treating it in two successive stages at reduced computational effort 
compared to a direct 3D dynamic SPI analysis. Therefore, the whole SPI problem degenerates into a 
continuous contact problem governed by the soil motion, where the interface behaviour can be 
represented either rigorously using explicit contact elements or approximately with macro-elements. 
A sketch of the proposed sub-structuring procedure is given in Figure 2 where only fundamental aspects 
are shown. The procedure follows closely Ando et al.[25], Papadopoulos et al. [38] and Psyrras et al. 
[39]. As a disclaimer, it is stressed that the methodology presented is not aimed to replace established 





Figure 2. Problem sub-structuring: (1) 2D FE ground response analysis to earthquake and extraction of the 
critical deformation profile of the soil at pipeline depth; (2) application of this profile as an incremental load on 
the 3D soil body of the local soil-pipeline FE assembly to evaluate the pipeline demand; the system of nonlinear 
algebraic equations is solved using any appropriate solution algorithm (standard Newton-Raphson scheme 
shown here). 
Stage 1: Equivalent linear site response 
Stage (1) involves prediction of the transient ground response of deep soil sites overlying elastic rock 
to plane shear waves of arbitrary incidence. More specifically, the goal is to predict the peak values and 
spatial distributions of the longitudinal ground strains. Given that the direction of the wavefront relative 
to the pipeline alignment can be arbitrary, it seems reasonable to study the case leading to the most 
critical pipeline deformation, that is, where particle motion is fully in-plane with the pipeline axis 
(Figure 3). Shear waves are considered because they are known to carry most of the elastic energy. 
Moreover, it is well-established that, unless highly plastic, soils exhibit nonlinearity in their shear stress-
strain response even for small cyclic strains [40,41]. This behavior should be captured in our analyses 
because a substantial drop in stiffness may very well relate to higher potential for normal straining. 
Idealized sites characterized by inhomogeneity in soil properties along both orthogonal axes are 
considered as being representative of real-world, near-surface conditions. 2D seismic site response 
analyses are performed in the time domain under plane-strain conditions, assuming viscoelastic or 
strain-compatible soil material properties. Simple pulses and real earthquake records are used as input 
excitation. Parameter variation generates a set of analysis cases for each site scenario and the ground 
response histories are evaluated towards the identification of the most unfavourable spatial profiles, the 
criterion being the peak longitudinal compressive ground strain ( max,cgε ). This parametric study allows to 
highlight the influence of different problem variables on max,cgε . Details on the site response models are 
provided in Section 3. 
Stage 2: Soil-pipe interaction considering interface contact and steel buckling 
In stage (2), a detailed numerical model is developed consisting of a long portion of the pipeline and an 
extended trench. The length of the model along the pipeline axis matches that of the 2D site response 
model. The absence of strong SSI effects, the assumption of in-plane ground motion, and the typically 
shallow embedment depth of the pipeline allows us to truncate only a surficial block from the semi-
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infinite 3D soil domain, starting from a few meters below the ditch line and reaching up to the surface. 
The pipeline is assumed to run parallel to the surface of the 2D ground response models. The out-of-
plane width with respect to the primary axes of the plane-strain model is selected large enough to allow 
development of in-situ soil pressures and out-of-plane pipe deformation. A thin circular cylindrical shell 
model based on Koiter-Sanders theory is created to represent the pipeline, while the trench soil is 
simulated with 3D continuum elements. In this fashion, localized buckling modes can develop in the 
pipe under axial compression and also the initial stress state and deformation due to gravity and pipe 
internal pressure are calculated prior to the application of the seismic load. Contact between the soil and 
the pipe is modelled rigorously by means of contact elements able to simulate surface-to-surface 
slippage, separation, and the coupling between them explicitly. In this way, the load transfer mechanism 
from soil to pipe is effectively captured. The originally dynamic problem is now reduced to a quasi-
static one, since pipeline inertia is negligible compared to that of the soil.  
All major energy dissipation mechanisms need also to be at least indirectly considered. In a SPI problem, 
material damping is predominantly attributed to soil action. In our approach, soil material damping has 
already been included in stage (1), both the hysteretic (indirectly) and the linear viscous forms of it. 
Radiation damping has also been considered in stage (1) by means of absorbing boundaries of the 
ground response models. Another form of energy dissipation is due to nonlinear contact at the soil-pipe 
interface, which is explicitly modelled in stage (2). 
Assumptions and limitations 
With the analysis approach described, 2D wave effects are captured but 3D ones are inevitably 
disregarded. The fundamental assumption is that inertial SPI (i.e., wave emitted by the vibration of the 
pipe) and kinematic SPI (i.e., ground motion modification due to the stiffness contrast between the soil 
and the pipe) can be ignored with acceptable loss of accuracy. The error introduced by this 
approximation on the whole is not easily quantifiable in this study; a prohibitively costly 3D dynamic 
SPI analysis would be required to compute a reference system response, which would essentially cancel 
the merits of the proposed approach. However, a simple way to quantitively argue about the error related 
to the inertial interaction effect is to consider the ratio of the weight of the pipe to the weight of the soil 
it replaces ( )( )2p s p sw w t Rρ ρ= . For typical NG steel pipelines and soils, this ratio takes values in 
the range 0.16 ~ 0.52, which implies a ‘negative’ inertial interaction. As regards kinematic interaction, 
it is certain that the influence of the pipe stiffness on the free-field motion around the pipe is negligible. 
This has been concluded upon examination of free-field acceleration response histories computed from 
2D site response analysis with and without the embedded pipe, not presented here.  
Moreover, soil deformation occurs only in the plane defined by the pipeline longitudinal axis and the 
vertical. Soil nonlinearity is only approximately accounted for since neither yielding nor hardening 
effects nor permanent deformation can be described through the equivalent-linear analyses undertaken. 
In stage (1), total stresses are computed assuming dry cohesionless soils (drained conditions in the 
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absence of groundwater head). For cases where soil nonlinearity is expected to be very pronounced 
(extremely high-intensity motions, liquefiable soils etc.), equivalent-linear analysis procedures cease to 
be reliable and more advanced nonlinear models have to be employed [42]. Furthermore, we can neither 
track the over-time evolution of pipeline stresses and deformations, nor capture the influence of time-
dependent phenomena such as fatigue and steel strength and stiffness degradation due to cyclic loading. 
The bifurcation stress and strain of the pipeline can be considered reliable only to the degree that the 
assumption of equivalence between the static and dynamic buckling strength holds true. 
3 Seismic ground response analysis 
3.1 Scenario selection 
Because we aim for a general treatment of the problem to illuminate its governing features, we do not 
limit the scope of this study to real sites, rather we opt for a scenario-based approach. To this end, two 
generic site scenarios are considered: (i) a simple site consisting of two laterally adjacent soil deposits 
of dissimilar shear wave velocities, their boundary being vertical (scenario 1), and (ii) a symmetric 
trapezoidal sediment-filled valley (scenario 2). The two sites are illustrated in Figure 3 (left) with their 
2D cross section sketched in Figure 3 (right). Particle motion is constrained in two dimensions as the 
half-plane is swept only by upward travelling, vertically polarized plane shear (SV) waves. The seismic 
motions are assumed to be fully correlated at the bedrock level, except the phase velocity effect in case 
of non-vertical incidence. To examine the strain response to weak input motions (PGA<0.05g), plane 
strain, linear viscoelastic site response analyses are conducted with variation of key problem parameters. 
For stronger ground motion, able to trigger nonlinear soil response, an iterative scheme is employed to 
achieve strain-compatible soil properties according to published nonlinear curves. 
The vertical boundary in scenario 1 is assumed to extend out-of-plane to infinity and the out-of-plane 
valley dimension in scenario 2 is assumed to be large enough, which is a common trait of valleys formed 
around rivers. On these grounds, the assumed plane-strain conditions can be warranted. Both scenarios 
are assumed to be flat-surface sites, hence no topography effects are considered. The valley is classified 
as shallow and wide according to Kramer [43]. The different model cases are identified using the 
conventions ‘SiLj’ and ‘SiNLj’, where S denotes the scenario, L/NL stands for linear/nonlinear soil 




Figure 3. Idealization of the two scenarios under consideration (left) and identification of the important problem 
parameters (right) for linear elastic conditions: (a) scenario 1 and (b) scenario 2. 
3.2 Site characterization, stratigraphy and soil nonlinearity 
3.2.1 Linear elastic models 
First, ground response analyses assuming linearly viscoelastic soil were conducted to investigate the 
effect of weak bedrock input motion on the surface amplification patterns, wavefield scattering and, 
most importantly, the induced axial ground strains at pipeline depth. As shown also in Figure 3, the 
different soil deposits in both scenarios are assumed vertically homogeneous. In reality, soils usually 
exhibit increasing stiffness with depth, but for the sake of simplicity and ease of interpretation, the 
elastic deposits examined in this study display constant S-wave velocity profiles ,1sV  and ,2sV , 
respectively. Preliminary results from incremental equivalent-linear analyses revealed that a bedrock 
PGA of roughly 0.05g bounds the ground response in the linear regime from above. To this end, all 
input acceleration time histories were scaled to this value. 
Figure 3 (right column) identifies the governing geometric and material parameters of the idealized 
physical model. Parameters that were initially left to vary for scenario 1 sites are the S-wave velocity of 
the left deposit ,1sV , the depth to bedrock H , the stiffness transition zone length t , the small-strain 
critical damping ratio ξ  and the wave incidence angle θ . An invariant ,2 100sV = m/sec is assumed and 
a uniform mass density of  31.7 Mg m  is assigned to both deposits to reduce the number of parameters. 
Normalized quantities were introduced as follows: the dimensionless frequency 
20 ,2 , 4  / /o o sa f H Vωω == , the site impedance ratio which reduces to the velocity contrast ,1 ,2s sV V , 
and the dimensionless transition zone length t H . 1/2L  is the half-length of the domain and is set equal 
to 250m. Note that 1/2L  is not really a parameter of the physical problem; it appears only in the numerical 
one because truncation of the domain sidewise is necessary to render it finite. In the absence of known 
characteristic patterns in nature, a linear lateral variation of the soil stiffness was assumed along a 
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transition zone and its length 2 1t x x= −  was varied. The variation of shear modulus with the horizontal 



















              (1) 
For scenario 2, the dimensionless frequency takes the form 10 ,1 ,= 4  / /o v sa fH Vω ω= , implying 
reference to a 1D soil column with properties equivalent to the valley soil, and the slope s of the inclined 
boundary is additionally introduced in the problem. The mass densities of the valley soil and the 
surrounding rock are 31.7Mg/m  and 32 Mg/m  respectively. The valley width at the surface and its 
depth are 300vL = m and 30vH =  m, respectively, giving a depth-to-width ratio of 0.1. The total 
domain length is again 500 m. Table 1 contains the parameter values examined in this study. FE code 
Abaqus [44] supplemented by OpenSees [45] were employed to develop and solve these models. 
Abaqus was the main solver where advantage was taken of the USDFLD user-subroutine to introduce 
the desired lateral stiffness gradients in the soil body. OpenSees was used to implement the so-called 












Typical values for the elastic and mass properties of the bedrock are considered in all analysis cases, 
namely 2.4rρ =  Mg/m
3 and  , 1000s rV =  m/sec, the latter representing a rather normally stiff rock. The 
Poisson ratio for all soils is taken constant 1 / 3v = .  
3.2.2 Equivalent-linear models 
To avoid unnecessary workload in this section, we discard from the list of the examined parameters 
those ones that are shown later in Section 3.5.1 to have minimal influence on the axial strain response. 
These are the transition zone length and the wave incidence angle for scenario 1 and the wave incidence 
angle for scenario 2. 
The variation of soil shear moduli and critical damping ratio with cyclic shear strain cγ  is 
fundamentally dependent on the in-situ confining pressure, an effect reflected in the state-of-the-art soil 
moduli degradation and damping curves. In light of this, we introduced further variation of the small-
 Table 1. Range of values considered for the dimensionless parameters of the two scenarios 
Scenario 1 Scenario 2 
 0a  0.6, 1.2, 2.4, 6, 12  0a  0.43, 0.86, 1.7, 3.43, 4.3, 8.6 
 ,1 ,2/s sV V  0.7, 1.4, 2, 4  ,1 ,2/s sV V  0.0875, 0.175, 0.35 
 θ  0°, 10°, 20°, 30°  θ  0°, 10°, 20° 
/t H  0.33, 1, 1.66  s  30%, 60% 
ξ  2% , 5% ξ  2%, 5% 
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strain shear modulus maxG  with depth determined by the Seed and Idriss [46] empirical formula for 
sands (Eq. (2)): 
0.5
max 2,max220 ( )mG K σ ′=                 (2) 
maxsV G ρ=                 (3) 
where mσ ′  is the mean effective confining stress and 2,maxK  a constant found in relevant tables [43] as 
a function of the relative density rD  of the soil. Therefore, a different ρ is specified for each soil deposit 
of scenario 1, with its value providing a density characterization (loose, medium or dense) according to 
Table 2. Three different vertical wave speed profiles are generated based on this methodology and three 
different analysis cases can be drawn from their combinations, all other factors being constant. The 
continuous and discretized sV  profiles for one of these cases are plotted in Figure 4a. For scenario 2, 
only the valley geomaterial is assumed equivalent-linear and different mass densities Vρ  are assigned 
to it to generate the vertical sV  profile. The surrounding stiff soil is assumed to respond linearly and to 
possess uniform stiffness. 
 





Figure 4. (a) Vertical sV  profiles generated for the two deposits of case S1NL1; (b) moduli degradation and 
damping curves [47] calculated for the different discrete layers comprising one soil deposit of case S1NL3 (an 
averaged mσ ′  is taken every 10m depth). 
ρ  
(Mg/m3) 





1.4 30 30 Loose 
1.65 52.5 48 Medium 
2 90 70 Fine  
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Shear moduli and damping ratios for each soil element are independently adjusted at the end of each 
linear dynamic analysis to match strain-compatible values as given by G-γ-D curves. The strain measure 
that is used for this iterative process is 65% of the maximum shear strain, which for plane-strain 
conditions assumes the following form: 
( )2 2max xx yy xyγ ε ε γ= − +                   (4) 
where xyγ  represents the cartesian engineering shear strain and iiε  are the cartesian normal strain 
components. The computer code QUAD4M [48] for 2D seismic site response analysis is used for this 
purpose. From the published soil curve sets examined [46,47,49,50], the Darendeli model was adopted 
because it is analytical, pressure-dependent, robust and generally provides conservative results. To 
represent the depth-variation of  maxG  in a discrete manner, each deposit is subdivided into sub-layers, 
each with a maximum depth of 10 m. An averaged mσ ′  is then computed for each sub-layer and a 
different G-γ-D curve is assigned to it, as illustrated in Figure 4b. 
3.3 Domain discretization, boundary conditions and seismic excitation 
Element discretization in the vertical sense has so been performed as to allow adequate resolution of 
frequencies up to 15 Hz in the range of wave velocities used in this study. For this purpose, it was 
ensured that at least 8 finite elements subdivide each wave length. Newmark’s unconditionally stable 
explicit time-stepping algorithm with a = 0.25 and b = 0.5 for linear dynamics was used to integrate the 
equations of motion in time, therefore no further constraint was imposed on the size of the finite 
elements. Linear quadrilateral and triangular elements were used. The lateral truncation of the medium 
has been carried out in a way to ensure convergence of the axial strain distribution at the surface. 
Indicative meshes for both scenarios are pictured in Figure 5. 
 
Figure 5. FE discretization and soil layering for typical equivalent-linear site cases of (a) scenario 1 and (b) 
scenario 2; visible is the progressive reduction in element size towards the softer material at the surface. 
Standard local absorbing boundaries [51] in the form of normal and tangential viscous dashpots were 
implemented at the base of the linear and equivalent-linear models to represent the radiation of outgoing 
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seismic waves. In the linear models, ‘free-field’ boundaries were applied at the lateral sides to represent 
the far-field response of the laterally infinite medium. An auxiliary 1D wave propagation model 
matching the geometry, mesh and properties of the lateral boundaries of the Abaqus 2D model is solved 
in OpenSees and the velocity response histories of its nodes are imposed as boundary conditions on the 
corresponding end nodes of the dashpots of the Abaqus 2D model. This was not possible to implement 
in QUAD4M and for this reason the conditions imposed on the lateral boundaries of the equivalent-
linear models were those of the standard 1D soil column (shear beam mode). However, the length of 
the domain is large enough to allow effective dissipation of spurious wave reflections, which is 
expedited by the increased material damping ratios due to the equivalent-linear response. 
To gain understanding into the frequency-dependency of wave scattering and induced axial strains, we 
excite the linear elastic models with pulse-like waveforms characterized by a narrow frequency 
bandwidth and a clearly dominant frequency. For this purpose, Ricker wavelets [52] are used to 
represent acceleration pulses with bedrock amplitude of 0.05a = g, described by Eq. (5): 
( ) ( ) ( )
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ππ − − = ⋅ − − ⋅                      (5) 
where of  is the predominant frequency and ot  the time instant of the peak of the pulse. The same 
wavelets are used for equivalent-linear analysis but scaled to 0.2g (Figure 6). Although in strict terms a 
pulse-like excitation (near-source sites) and a plane wave front (far-source sites) might be contradicting 
assumptions, they are both adopted in this study to simplify the models and facilitate interpretation of 
results. Furthermore, three far-source ( 10wd > km) strong earthquake records of varying mean periods 
( mT )  calculated as proposed in Ref. [53] were selected as input to the equivalent-linear models (Figure 
7), with properties presented in Table 3. Tables 4 and 5 contain all equivalent-linear analysis cases run 
for scenario 1 and 2, respectively, where the site impedance ratio is the ratio of the product ,30sVρ ⋅  of 
the two adjacent deposits. 
 
 
Figure 6. Acceleration time-histories of three Ricker wavelets with varying predominant frequencies (left) and 












Figure 7. Acceleration time-histories (left) and the corresponding 5% damped elastic spectra of the earthquake 













ID Event Magnitude, Mw 
PGA 
(g) 
Mean period, Tm  
(sec) 
Predominant 
period, Tp (sec) 
EQ1 Imperial Valley (1979) 6.4 0.32 0.40 0.26 
EQ2 Chi-Chi (1999) 7.7 0.18 0.97 0.54 
EQ3 Kocaeli (1999) 7.6 0.35 1.25 0.31 











ratio Input motion 
S1NL0 
(ref.) 2.00 1.4 60 0.5 EQ1 
S1NL1 2.00 1.65 60 0.7 EQ1 
S1NL2 1.65 1.4 60 0.7 EQ1 
S1NL3 2.00 1.4 30 0.5 EQ1 
S1NL4 2.00 1.4 90 0.5 EQ1 
S1NL5 2.00 1.4 60 0.5 R05(*) 
S1NL6 2.00 1.4 60 0.5 R1 
S1NL7 2.00 1.4 60 0.5 R3 
S1NL8 2.00 1.4 60 0.5 EQ2 
S1NL9 2.00 1.4 60 0.5 EQ3 















Small-strain damping is assumed to be of the Rayleigh type, where the mass- and stiffness proportional 
coefficients are calculated by matching the Rayleigh damping ratio ξ  with the target linear hysteretic 
critical damping ratio at two significant frequencies: the fundamental free vibration frequency oω  and 
onω , where n  is the smallest odd integer bigger than p oω ω ,  pω  being the predominant frequency of 
the input motion. Its value is taken constant 2%. 
3.4 Model verification 
In the absence of exact elastic or viscoelastic wave solutions for the types of domains treated here, the 
accuracy of the predictions provided by the 2D soil models is checked against 1D closed-form 
theoretical solutions in the frequency domain, only for the case of laterally uniform soil layers. A typical 
layered soil over elastic half-space with equivalent-linear properties described by the Seed and Idriss 
curves is modelled in DeepSoil [54] under 1D site response conditions and is then subjected to the 
Northridge (1994), CDMG station, earthquake record. The computed response is compared to the one 
obtained by the 2D site analog modelled in QUAD4M. The surface-to-bedrock transfer functions are 
shown in Figure 8. A satisfactory match is observed between the 1D and the 2D equivalent-linear 
representations, with the 2D model over-predicting the response by a peak 27% at the intermediate 
frequencies. The marked discrepancies at certain frequency ranges can be attributed to underdamping 
and overdamping of the 2D response due to the frequency-dependent nature of the Rayleigh damping 
formulation. 
 
Table 5. List of model parameters of equivalent-linear analysis cases for scenario 2  
Case ID v
ρ   
(Mg/m3) 




Site impedance  
ratio Input motion 
S2NL0 (ref.) 1.4 400 30 0.5 EQ1 
S2NL1 1.65 400 30 0.6 EQ1 
S2NL2 2 400 30 0.7 EQ1 
S2NL3 1.4 400 60 0.5 EQ1 
S2NL4 1.4 800 30 0.35 EQ1 
S2NL5 1.4 400 30 0.5 R05(*) 
S2NL6 1.4 400 30 0.5 R1 
S2NL7 1.4 400 30 0.5 R3 
S2NL8 1.4 400 30 0.5 EQ2 
S2NL9 1.4 400 30 0.5 EQ3 




Figure 8. Comparison of surface-to-bedrock motion amplification factors for 1D and 2D equivalent-linear site 
response. 
3.5 Free-field response results 
3.5.1 Linear viscoelastic response (weak input motion) 
Due to the breadth of the produced output, results are presented in various forms to highlight different 
features of interest. The different response quantities are plotted against the normalized horizontal 
coordinate 1/2x L . Figure 9 shows envelopes of the peak tensile and compressive axial strains at 
different surface positions for some typical scenario 1 cases. Figure 10 shows the same but for scenario 
2 cases. As expected for scenario 1, all cases exhibit peak strains in the softer of the two soils, in close 
proximity to their vertical border. Tensile strains are almost exact reflections of the compressive ones. 
Some large strain magnitudes are observed at the lateral boundaries and this might indicate the influence 
of the boundary conditions. With regard to scenario 2, peak surface strains are detected over the wedge 
toes; strain values tend to zero in rock and in the middle where the horizontal displacements attain their 
peaks due to the constructive interference of R-waves. In both scenarios, strains are larger for larger 




Figure 9. Envelopes of peak tensile (positive) and compressive (negative) axial ground strains along the surface 
for different scenario 1 cases. 
 
Figure 10. Envelopes of peak tensile (positive) and compressive (negative) axial ground strains along the 
surface for different scenario 2 cases. 
In Figure 11, seismogram synthetics of the horizontal accelerations at the surface of the sites are plotted 
for typical high-frequency input excitations with 0θ = . It can be seen in Figure 11a for scenario 1 that 
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the coherent input excitation at the bedrock level generates highly non-synchronous ground motions at 
the surface associated with large axial strains. A clearer picture of the wave patterns for scenario 1 is 
provided in Figure 12, where contours of the shear and vertical normal strain fields are displayed at 
different times. As can be seen in the top left figure, the wave front forms an oblique transition zone in 
the vicinity of the inhomogeneity boundary due to the different propagation velocities in the soft and 
firm soils. Mode conversion occurs inside the transition zone generating a P-wave that travels upwards 
and gives the so-called ‘parasitic’ vertical motion component at the surface. Apparent in the softer 
deposit are the successive reflections of the oblique SV- and P-wave fronts at the surface and the bedrock 
interface. Notably, both the large axial strains and the parasitic vertical component are not captured by 
the standard, Newmark-type, approach adopted in most relevant codes of practice, including ALA. 
The situation for scenario 2 as pictured in Figure 11b is more complex. Upon the first arrival of the 
wave at the sloping interface, mode conversion produces SV- and P-waves. The refracted rays arrive at 
the surface and interfere with the vertically impinging rays arriving from the valley center (focusing 
effect). Further mode conversion of the oblique wave fronts occurs at the surface and subsequently at 
the valley-rock interface, resulting in trapping of the waves inside the valley and clearly longer response 
duration. More importantly, Rayleigh waves (marked with red lines) are generated at the edges of the 
valley, which travel back and forth along its surface with estimated velocities of 120 and 67 m/sec. The 
symmetry of the domain results in maximum motion amplification at the valley center due to 
constructive interference of the R-waves.  
 
 
Figure 11. 2D synthetics of surface horizontal acceleration for (a) scenario 1 with 5f Hz= , 0θ =  and (b) 
scenario 2 with 5f Hz= , 0θ = . The red line in (b) marks the refracted wave front along the dipping interface, 







Figure 12. Snapshots of the complete (a) shear strain field (SV-waves) and (b) vertical normal strain field (P-
waves) in a typical scenario 1 site subject to a vertically incident 5 Hz Ricker pulse. Discernible are the upward 
travelling inclined wave fronts at the vertical boundary and the ensuing successive reflections at the surface and 
the bedrock boundary. The parasitic vertical component of motion is evidenced in (b). 
Figure 13 presents the time evolution of the elastic ground axial strains at the surface for a scenario 1 
case with 60H =  m, ,1 140sV = m/sec, 0.16t H = , 0θ =  and 0.02ξ = . As expected, the out-of-
phase horizontal motions of the two deposits generate alternating tensile-compressive strain near the 
vertical boundary, and more towards the softer of the two deposits. The strains attain their peaks early 
with the first direct pulse arrival and then decay with time. In Figure 14, the instantaneous horizontal 
distributions of the axial strains and horizontal displacements at an assumed pipeline depth of 1 m from 
the surface, corresponding to the timeframe of the maximum compressive strain, are plotted for the most 
unfavorable cases of the two scenarios examined. Although the strain magnitudes appear quite similar, 
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the produced distributions are different: a pipeline buried in a scenario 1 site would primarily suffer 
from axial compression at the critical timeframe, while the same pipeline buried in a scenario 2 site 




Figure 13. Time-variation of ground axial strain field at the surface of a model with 60H =  m, ,1 140sV =
m/sec, 0.16t H = , 0θ =  and 0.02ξ = . 
 
 
Figure 14. Critical spatial profiles of axial ground strain and horizontal ground displacement for (a) scenario 1 
and (b) scenario 2. 
Effect of exciting frequency 
The effect of the frequency content of the seismic excitation on the peak strains was studied and was 
found to be major. Low frequency vibrations produce consistently larger peak axial strains, regardless 
of soil impedance ratio vr   and viscous damping ratio ξ as illustrated throughout Figure 15. This is 
accentuated by the fact that PGA -scaling of the input motions is used, thus naturally integration of high-
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frequency acceleration histories will produce lower amplitude displacements. But one cannot deduce 
definite conclusions because motion amplification depends not only on the excitation frequency, but 
also on the natural frequencies of the site. Thus, it can be said that for the primarily soft soil deposits 




Figure 15. Variation of peak compressive axial ground strains with normalized excitation frequency for 
different soil impedance ratios (a and e), viscous damping ratios (b and f), transition zone lengths for Scenario 1 
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(c), valley slopes for Scenario 2 (g), and wave incidence angles (d and h). Where not mentioned, reference 
parameters are implied as follows: for Scenario 1, 2%ξ = , 0θ = , / 0.33t H = ; for Scenario 2,  2%ξ = , 
0θ = , 30%s = . 
Effect of site impedance ratio 
In accord with common sense, the site impedance ratio proves to be a defining factor of the level of the 
induced ground axial strains in both sites. The larger the impedance ratio, the larger the axial strain at 
the interface (Figure 15a and e). However, it is not only the relative stiffness of the site that controls the 
strain magnitudes, but also the absolute elastic stiffness. This was inferred from the fact that sites with 
same velocity contrasts but different absolute velocity values sustain different levels of axial strains. 
Overall, softer sites of the type 1 or 2 develop larger normal strains than stiffer ones with similar velocity 
contrasts under the same bedrock excitation. Figure 15a demonstrates this fact: a scenario 1 site with 
deposit velocities 70 and 100 m/sec develops 1.36 to 2.14 times larger normal strains than a site with 
deposit velocities 140 and 100 m/sec, the two sites having roughly the same velocity contrast (1/0.7 = 
1.43 ≈ 1.4). 
Effect of the spatial rate of change of stiffness (scenario 1) 
For scenario 1, the impact of the extent of the transition zone between the two deposits was investigated. 
Introducing the length of the transition zone of maxG  as a parameter and varying maxG  in a linear 
fashion had imperceptible effect on the computed strains compared to the case of abrupt transition, as 
clearly depicted in Figure 15c. For this reason, all equivalent-linear models in the following employ a 
discontinuous transition to simplify the modelling process.  
Effect of boundary slope (scenario 2) 
Steeper basins give lower strain peaks for an intermediate range of wavelengths, because a larger part 
of the wave energy is reflected initially back to the half-space at the inclined rock-valley interface (see 
Figure 15g). On the other hand, strain magnitudes appear insensitive to the boundary slope for higher 
frequency excitations. 
Effect of wave incidence angle 
An obliquely impinging wavefront seems to have a somewhat obscure effect on the axial strains, 
depending on whether the wave passage contribution is in or out of phase with the primary local site 
effects, but is generally minor for both site scenarios (Figure 15d and h). The increase in strains is at 
most one order of magnitude smaller than the ones attributed to inhomogeneities and this can be verified 
using exact solutions for homogeneous soils [4]. An explanation particular to the sites considered is also 
that, when the seismic waves strike under angle, part of the oncoming energy in scenario 1 sites is 
reflected back from the inhomogeneity boundary, depending on the impedance contrast of the bordering 
deposits, or, in the case of scenario 2 sites, always a smaller amount of energy is transmitted to the 
valley compared to the vertical incidence case. 
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3.5.2 Nonlinear response (strong input motion) 
By conducting a short parametric study using equivalent-linear site response models, we were able to 
identify the parameters leading to the most critical load on the pipeline when excitations are strong. 
Figure 16 plots the ground axial strain synthetics on the surface of the two scenarios for the typical case 
of Ricker pulse excitation. Clearly, for scenario1, the strain distribution along the surface appears more 
localized towards the location of the boundary, with large positive and negative peaks reaching 2.1% 
and -1.3%. For scenario 2, it is observed that the strong nonlinear soil response suppresses the scattering-
induced strain peaks above the wedge toes seen in case of elastic soil response, and ‘drags’ them towards 





Figure 16. Time-variation of ground axial strain field at the surface for cases (a) S1NL7 and (b) S2NL6. 
 
 
Figure 17. Spatial profiles of axial ground strain and horizontal ground displacements for all real earthquake 
excitations for (a) scenario 1 and (b) scenario 2. 
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Figure 17 presents the critical strain and displacement distributions for the two scenarios for all real 
earthquake input motions; the peak compressive strains are displayed as well. It is seen that, for scenario 
1, the critical spatial profile of the horizontal soil displacement occurs when the horizontal vibrations of 
the two adjacent soil deposits are nearly out of phase, as manifested by the step-like form of the profile. 
At this time instant, a sharp axial strain spike develops almost right at the boundary, as shown in the top 
left subplot. This behaviour is a direct consequence of the degradation of G  with increasing cγ , given 
that the Young’s modulus degradation is assumed proportional to that of G . At the converged iteration 
of the analysis, an average maximum shear strain of roughly 0.3% and 0.04% develops at pipeline depth 
of the soft and stiff deposit, resulting in a ten-fold and two-fold G-modulus reduction, respectively.  
The deformation pattern in the soil is not as simple for scenario 2; a state of anti-symmetry is apparent 
in the strain profile shape with respect to the valley center, meaning that a sharp compressive strain peak 
develops at one valley edge concurrently with a sharp tensile strain peak of roughly equal magnitude at 
the other valley edge. For both scenarios, the most unfavourable soil demand is found for the input 
motion with the lowest mean period mT  (Imperial Valley) and for the largest site impedance contrast; 
strains appear to decay with increasing mT . Notably, the results are sensitive to the type and number of 
G-γ-D curves employed in the model. 
4 Nonlinear soil-pipe interaction analysis 
In this section, we illustrate some modelling aspects as well as the prominent features of the shell 
response. Results for two analysis cases from scenario 1 are presented: one for linear elastic soil 
response under weak excitation and one for nonlinear soil response under strong excitation. The same 
pipeline model is used in both cases. The analyses were undertaken in Abaqus. 
4.1 Modelling aspects 
The differential horizontal soil motions extracted from the critical time frame of the ground response 
history are imposed as displacement boundary conditions on the trench soil body. These displacements 
are kept constant with the vertical coordinate over the soil domain, on the grounds that the depth of the 
simulated domain is small compared to the maximum predominant wavelength of the impinging waves 
examined ( ,max3 0.10oD ολ < ), hence, the in-plane motion of the soil particles does not vary much in 
depth. This assumption has been checked against using vertically varying motion. Note that, in this 
study, although the full two-dimensional soil seismic response is computed, only its dominant axial 
component is applied on the pipeline. 
The loading sequence is as follows: first, gravity load is applied to compute the in-situ stress state and 
to ensure that interface friction is ‘activated’; the internal pressure is also applied in this initial loading 
step. Then, large-deformation quasi-static stress analysis of the near-field soil-pipe system is performed 
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for the imposed soil displacements. Geometry perturbation is also introduced in the mesh to trace the 
load-deflection path post-buckling using a built-in Riks algorithm. 
4.1.1 Geometrical and mechanical properties of the pipeline 
An actual NG pipeline was simulated, namely the Transitgas pipeline crossing Switzerland; relevant 
data was retrieved  from the owner company website [55] (Table 6). A typical cross-section of the near-
field soil-pipeline system is sketched in Figure 18a, where the dashed lines indicate the truncation of 
the half-plane. Plastic behavior is considered for the pipeline steel [56] through classical J2-flow 
plasticity and a von Mises yield criterion. A Ramberg-Osgood curve with a ‘yield offset’ of 0.5% and a 
hardening exponent n = 11 was fitted to a bilinear isotropic curve describing the uniaxial tensile 
behaviour of the material (Figure 18b). The soil medium is modelled in this phase as secant elastic, with 
its strain-compatible modulus obtained from the equivalent-linear site response analysis in Stage 1. 
 






Figure 18. (a) The truncated cross-section of the soil-pipeline system used in our model (units in mm); (b) 
uniaxial tensile stress-strain response of API X65 steel (n = hardening exponent, a = yield offset × E σy⁄ ). 
4.1.2 Pipe shell and soil discretization 
The reduced integration S4R finite strain shell element having both membrane and bending stiffness is 
selected from the Abaqus element library to discretize the pipe. Within the critical deformation zone, 
that is, around the soil inhomogeneity boundary, the discretization is made fine enough to adequately 
resolve the inelastic buckling modes of an axially compressed unconstrained cylindrical steel shell. The 
elastic axial half-wavelength of such a shell with E = 200 GPa and ν = 0.3 in uniform axial compression 
Pipeline  R  (mm) 
 t  
(mm) 




oP P    




TransitGas 450 12 37.5 448 0.62 1000 (assumed) 4 
(*) /o yP t Rσ=  is the yield pressure. 
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is , 1.72c el Rtλ ≈  [57]. However, buckling in the post-elastic range is associated with shorter half-
wavelengths which can be approximated by the following expression [57]: 
4
, ,c p c el pE Eλ λ≈                    (6) 
In order to achieve the necessary mesh resolution in the examined case, a plastic modulus 0.1pE E=  is 
assumed giving a ,c pλ  that is roughly 50% of the elastic one and an element length 1el =  cm is found 
sufficient for this purpose. Note that, in the presence of internal pressure, the wavelength of the wrinkles 
is longer than in the case of pure axial compression. Away from the critical zone, the mesh is made 
progressively less dense as the axial dimension of the pipe shell elements is increased up to 1m to 
contain the computational cost. Besides, in these regions, strain amplitudes are very small and the 
pipeline is not expected to exhibit any radial deflections. An aspect of the pipeline mesh used is given 
in Figure 20a. Linear hexahedral (brick) elements are used to discretize the soil domain. 
4.1.3 Interface contact 
Initially, the soil cavity and the external pipeline walls are in full contact. Standard Coulomb friction is 
chosen to describe the relative tangential motions which can be arbitrarily large, while loss of contact 
in the normal direction (detachment) is allowed at the same time. More realistic empirical models for 
axial SPI have been recently reported in the literature [58] that account for soil dilatancy effects and 
post-peak soil resistance decay, but are not adopted herein. The surface-to-surface contact discretization 
option is used in the Abaqus environment, which in this case ensures coupling between the tangential 
and normal components of relative motion. 
According to O’Rourke and El Hmadi [37], the interface friction coefficient for buried steel pipelines 
can be calculated as ( )0.5 0.9 tanµ ϕ= ÷ , where φ is the soil angle of shearing resistance. For sands, it 
is typically 29 ~ 41ϕ =   , thus a lower and upper bound min 0.28µ =  and max 0.78µ =  can be 
established. Sheil et al. [59] also infer a value range 0.55 ~ 0.6 from cyclic loading tests. The maximum 
of the previous values μ = 0.78 is conservatively selected for the present model for identifying an upper 
bound of the soil-to-pipe strain transmission. 
4.1.4 Boundary conditions 
If we consider the two limiting cases of a pipeline clamped at its ends and a pipeline completely 
unrestrained, we choose to be on the conservative side and leave the pipeline ends free to move 
horizontally. This decision is driven by the belief that, away from any lateral ground heterogeneities, a 
pipeline is expected to move with the soil under vertically incident in-plane shear waves. In reality, 
there is a degree of axial restraint imposed at the pipeline ends, which could be better captured by 
incorporating nonlinear end springs to account for the pipeline continuity (see [60]). Standard static 
boundary conditions have been applied to the bounding soil surfaces. 
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4.1.5 Initial geometric imperfections 
A local, stress-free, biased axisymmetric imperfection is introduced [1], which is merely a standard 
sinusoid modulated by a second sinusoid to produce a peak amplitude at the middle section of the 
pipeline. The radial deflection function is computed by Eq. (7), where positive values are assumed in 
the outward direction from the mid-surface. The peak amplitude is taken as 0 1 0.13w w t+ = . The 
imperfection pattern is applied over a short critical pipeline zone with 4critL = m, centered at the site 
vertical border (see Figure 20b). 
( ) 0 1 cos cos , / 2 / 2 2crit crit c crit
c c
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      (7) 
The soil mesh across the contact interface is exactly matched with the pipeline mesh to prevent initial 
gaps during the generation of the perturbed mesh. It should be mentioned that, in reality, line pipes often 
come with residual stresses induced by the manufacturing process, which sometimes may be quite large. 
This aspect is not considered in this study. 
 
Figure 19. (a) Perspective of the progressively refined pipeline mesh towards the mid-section at the left end; (b) 
close-up view of the biased axisymmetric imperfection shape used (radial displacements exaggerated). 
4.2 Pipeline response to weak input ground motion 
In stage (2), the critical displacement pattern from case S1NL0 (Figure 18a) is applied on the brick soil 
elements. A contour plot of the Mises stresses over the whole pipeline is provided in Figure 20.  The 
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maximum demand-to-capacity ratio in terms of Mises stresses, where the capacity is defined as the steel 
yield limit, was found to be 0.45, indicating that the pipeline responds in the linear elastic regime. Figure 
21 depicts how elastic axial strain varies along the pipeline. Over the cross-section, it remains nearly 
uniform. It can be seen that the peak pipeline strain is almost 10 times smaller than that of the ground, 
which reveals that the pipe body is in a sliding state. Generally, the amount of shaking generated due to 
low-intensity input motions produces relatively small axial ground strains ( 31.5 10−< × ), which are 
unlikely to lead the pipeline response above the yield limit, at least for the scenarios examined here.  
Τhe induced stress in the pipe is by no means negligible, but it comes largely from the internal pressure 
and not seismic shaking. It is noted that the pipeline retains its contact with the soil (no separation). 
 
Figure 20. Von Mises stress contours on the pipeline due to the critical ground excitation. 
 
Figure 21. Axial strain pattern along the pipeline for the critical weak ground excitation. The ordinate plots 
strain values averaged over four integration points across the pipe section (red dots). 
4.3 Pipeline response to strong input ground motion 
This time, the soil demand from critical case S1NL1 is imposed on the soil-pipeline system. The larger 
and more localized axial ground strains produce a different response pattern on the pipeline. The 
distribution of the average axial strain along the pipeline is shown in Figure 22. Clearly, the distribution 
is qualitatively similar to that of the surrounding soil, as a sharp peak appears near the mid-section. The 





Figure 22. Axial strain pattern along the pipeline for the critical strong excitation. The ordinate plots strain 
values averaged over four integration points across the pipe section (red dots). 
In addition to the rigid body motion, a complex state of stress is present locally in the pipeline as a result 
of axial load-bending moment interaction. Figure 23 presents the axial force-displacement response 
(compression negative) and the bending moment-axial curvature response of the pipeline. The kinematic 
quantities plotted on the abscissas are the average axial shortening ( x crδ  ) and the dimensionless mean 
axial curvature of the shell cross-section ( οκ κ ). The averaging takes place inside a critical zone cr
defined by the reference sections in Figure 24, because this is where the localization of deformation 
occurs. The integrated axial force and bending moment are computed at the critical (control) section, 
0.96 m apart from the mid-section. Following Corona and Kyriakides [61], the normalizing quantities 
are taken as follows: 2o yP Rtπ σ= , 
2Do y oM tσ= , 2o ot Dκ = , where oD D t= − . Analysis has 
continued beyond the target load magnitude, until collapse is reached, so as to examine the overall 
response characteristics of the buried shell. 
The succession of events in the pipeline state is described now and is illustrated in Figure 24. Due to 
the reduced uplift resistance of the cover soil compared to that of the bed soil, increasing compression 
triggers P-δ effects in the vertical plane. A bending moment starts to develop along with the axial force 
in the pipeline very close to the point of maximum ground strain causing a slight localized uplift of the 
pipeline and the cover soil, and a simultaneous change in diameter D∆  is detected ① (ovalization). 
The first wrinkles (marked with ˄) appear shortly before the onset of yield (marked with ▼) inside the 
region of large axial strains. Their strongly non-axisymmetric shape suggests that they are dominated 
by bending. The amplitudes of the wrinkles grow and, soon after, a moment maximum is attained; 
wrinkles then gradually localize around two regions: principally, the invert (compression) of the mid-
section, and secondarily the crown of a section at a distance of roughly 2R ②. Next, the moment drops 
and a limit axial load is reached (marked with ×). The axial rigidity becomes negative, a characteristic 
of shells in the post-critical regime, and the pipe buckles locally at the invert. The buckle is quite sharp 
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and, though not the scope of this study, it is conjectured that it may lead to wall tearing and loss of 
containment with further stress concentration. 
For comparison purposes, included in Figure 23a is also the axial stress-strain response of the same 
pipeline in a radially infinite medium (i.e., no surface relief) with equivalent properties. The induced 
bending moment in this case is negligible and the pipe responds essentially in pure axial compression, 
displaying a collapse load 26% larger than the shallow-buried one. The buckling pattern caused by the 
surface relief in our case is in contrast to the typical axisymmetric or non-axisymmetric modes 
encountered in unconstrained or uniformly constrained shells. It is confirmed that combined axial 
compression and flexure effectively leads to localized collapse in the form of a downward facing, 
outward-protruding bulge, at lower axial loads than the ones predicted for pure axial compression under 
uniform radial constraint, as outlined in Ref. [31].  
 
Figure 23. (a) Average axial load - displacement response and (b) average bending moment - axial curvature 
response of the pipeline shell in the critical zone cr  due to the critical strong input motion. Numbers and shapes 




Figure 24. Successive phases of deformation of the pipeline due to axial compression-bending interaction; xxσ  
contours overlaid. 
Figures 25 and 26 offer some understanding into the evolution of the contact state at the soil-pipe 
interface with increasing axial soil straining. Figure 25 shows the longitudinal profile of axial slip and 
contact opening along the crown and bottom lines. It is evident that considerable relative axial 
displacements occur within an extended zone with a length of roughly 100R centered at the boundary. 
Outside this zone, slippage values are found to be much smaller, revealing that the frictional strength is 
not exhausted. This huge difference demonstrates the strongly local character of the problem. The same 
can be said for the normal relative displacements, but in this case the gaps that develop are contained in 
a shorter zone coinciding with the imperfection zone. Not unreasonably, the gaps are more pronounced 
on the bottom side of the section due to the uplift motion of the pipeline and the incipient separation. 
Where gaps are present, the axial interaction is not defined, hence zero axial slip values are plotted in 
Figure 25a. Initially, the pipeline and the soil are perfectly bonded and no relative motion occurs. 
Slippage initiates just outside the imperfection zone and spreads outwards, while the separation zone 
grows mildly. Figure 26 plots frictional shear stress against relative displacement in the longitudinal 
sense at different positions along the pipeline and over the cross-section. It can be seen that, at the same 
longitudinal position, different axial soil-pipe interaction responses hold for different locations over the 
circumference, with points near the bottom displaying larger interface resistance and stiffness and 
hardening behavior due to the increased soil pressures (Figure 26, right). The axial soil-pipe interaction 
appears different very close to the vertical inhomogeneity border (Figure 26, left) as the notably 
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increased soil pressures lead to a striking increase in the interface shear strength. At the bottom, the 




Figure 25. Distribution of (a) axial and (b) normal relative soil-pipe displacements along the top and bottom line 
of points of the pipeline. 
 
 
Figure 26. Contact shear stress – displacement at the soil-pipe interface evaluated at different points over the 
cross-section and length of the pipeline. 
5 Discussion and conclusions 
This paper seeks to provide by numerical means a well-founded answer to the question whether a buried, 
steel-made, transmission natural gas pipeline can experience shell-type buckling under earthquake 
ground shaking, and examine the contributing factors to its emergence. The focus is restricted to 
unfavorable but naturally occurring cases in which the pipeline crosses soil formations with irregular 
conditions and the ground excitation arises as plane SV-waves. Based on the assumption that inertial 
and kinematic SPI is negligible, a sub-structured, decoupled numerical analysis methodology is 
proposed, where the complete soil-pipeline system is successively analyzed as (i) a ‘global’ plane 
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ground response model and (ii) a ‘local’ 3D continuum-shell assemblage with contact explicitly 
modeled. The methodology is applied to study the linear and nonlinear local site effects on the 
earthquake response of the pipeline. The key findings are summarized below: 
1. Linear soil response: In scenario 1 sites, characterized by a lateral ramp transition zone of soil 
stiffness, the peak compressive axial ground strains develop in the softer soil deposit, very close to 
the vertical border, with values ranging from 0.01% to 0.15%. Wave mode conversion occurs inside 
the transition zone from the soft to the stiffer deposit, generating a P-wave that travels upwards and 
produces considerable vertical motions at the surface. Therefore, the critical load profile for a 
pipeline buried in a scenario 1 site would consist of a combination of out-of-phase horizontal soil 
displacements and a localized vertical displacement inside the transition zone. 
In scenario 2, valley-type, sites, the anti-symmetric axial strain field at the surface is dominated by 
local wave scattering inside the valley, predominantly Rayleigh waves generated at the valley edges. 
The absolute peaks occur above the wedge toes in a range between 0.01% and 0.11%. A pipeline 
buried in such a site would be subjected simultaneously to compression and tension along the two 
opposite segments. 
The peak axial ground strain values depend mainly on the impedance contrast of the soil deposits 
and the resonant frequencies that amplify oscillations. The absolute stiffness of the deposits is also 
influential, as the softer soils analyzed herein experienced larger deformations. The worst-case soil 
deformations are obtained for a combination of large impedance ratios, soft soil deposits and long-
period input motions. In contrast, the additional strains due to the wave passage effect are much 
smaller than the ones due to local site effects. Geometric parameters examined such as the transition 
zone length in scenario 1 and the boundary slope in scenario 2 are shown to also have minor 
influence. 
2. Nonlinear soil response: It is shown that when considering nonlinearity in the cyclic soil behavior 
under higher intensity motions, the induced axial ground strains can be as much as two orders of 
magnitude larger (~ 15%) compared to linear elastic response, a difference attributed to the sharp 
decrease of the G-modulus with increasing cyclic shear strain. The strain profiles also tend to be 
more localized towards the border of the two soil deposits for scenario 1, giving a sharp peak. The 
displacement load pattern could be approximated with certain functional forms, such as a logistic 
or step function, to facilitate parametric pipeline buckling analyses. For scenario 2, wave scattering 
effects are suppressed by the nonlinearity of the soil response and strain peaks are shifted towards 
the inclined rock-valley interface, with magnitudes comparable to scenario 1. The severity of these 
strains poses potentially greater risk to underground structures. 
3. Pipeline response: The answer to the central question of this study as posed in its title is that, under 
certain circumstances, a typical buried, large-diameter, high-pressure steel NG pipeline subject to 
seismic wave propagation loading can indeed exhibit non-axisymmetric shell wrinkling that will 
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progressively localize with load increase and cause collapse. These circumstances include SV-waves 
propagating through sharply changing soil profiles in the pipeline direction and producing strong 
asynchronous ground motions. It was found that pipeline deformation attributable to elastic axial 
ground strains caused by weak exciting pulses of PGA = 0.05g is negligible, with peak Mises 
stresses not exceeding 50% of the yield limit of API X65 steel. However, it is shown that soil 
nonlinearity bears crucial influence on the induced pipeline deformation, causing section-averaged 
axial pipe strains as large as 1.2%. A unique state of deformation is observed in a confined pipe 
segment not longer than 4 diameters, close to the location of peak ground strain, which is described 
by marked interaction between shell- and beam-mode buckling modes. As demonstrated, the 
bending moment developing in the pipe as a result of the surface relief reduces its critical axial 
buckling load by 26% compared to its uniformly confined counterpart, and leads to collapse upon 
formation of a sharp fold on the invert of the pipe. The contact state can be highly non-uniform both 
over the length and the depth of the pipeline: extensive slippage and loss of contact occurs within 
the large soil deformation zone, but perfect bond conditions prevail in a distance from it. 
The preceding analysis demonstrates that inelastic buckling instabilities when a shallow-buried 
transmission NG pipeline is loaded axially in compression by transient differential ground 
displacements should be a consideration for design. No provisions exist in the present seismic codes of 
practice that address this complex behavior. The outcomes of this study may lay the ground for further 
investigations of the sensitivity of the buckling capacity of buried pressurized pipelines under similar 
loading to various problem parameters. Furthermore, it is hoped that the presented analysis methodology 
for capturing earthquake-induced buckling phenomena will serve as a benchmark for design and 
assessment applications where a compromise between sophistication and computational demand is 
sought. 
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